Introduction
============

Mercury is the third most toxic element on the planet, according to the US Government Agency for Toxic Substances and Disease Registry ([@B45]). This substance can be found in three different forms in the environment: (i) elemental mercury or metallic mercury (Hg^0^); (ii) inorganic mercury (i.e., mercuric chloride, HgCl~2~); and (iii) organic mercury (i.e., methylmercury, MeHg) ([@B7]).

Mercury compounds are bioaccumulative and toxic pollutants, and their anthropogenic natural emissions represent a high risk to human health, thus becoming a global concern ([@B22]; [@B55]). Mercury caused public health disasters such as those that occurred in Minamata Bay in Japan ([@B36]) and Iraq ([@B47]; [@B12]).

The toxic properties, biological behavior, toxicokinetics and clinical manifestations of mercury compounds are directly related to their chemical forms ([@B7]; [@B45]). Studies involving the effects of inorganic mercury in adults are barely seen in the literature, due to factors such as low liposolubility, low corporal absorption and low passage through the blood--brain barrier (BBB) ([@B7]; [@B45]).

Throughout the years, inorganic mercury has been used in drugs, dermatologic lotions and germicide solutions, exposing human beings to their toxic effects. In fact, anthropogenic activity (i.e., artisanal gold mining) has exposed humans to chronic intoxication by inorganic mercury, which leads to deleterious health effects ([@B15]). The literature on intoxication and inorganic mercury exposure in humans consists of reports of clinical cases ([@B54]; [@B6]; [@B5]).

Inorganic mercury has been reported to damage the kidney ([@B44]; [@B14]; [@B21]; [@B28]), liver ([@B53]), gastrointestinal tract ([@B7]), cardiovascular system ([@B13]; [@B23]; [@B41], [@B42]) and reproductive system ([@B16]; [@B29]). In addition, it has already been shown that this mercurial species crosses the placental barrier and causes changes in the fetus ([@B26]; [@B11]). In these latter works, neurotoxicity is highlighted as a deleterious consequence of intoxication with inorganic mercury.

Most studies on the neurotoxicity of inorganic mercury are carried out with experimental models of different cerebral development stages (gestational, pre-natal or postnatal period) ([@B49]; [@B27]; [@B11]), due to the immaturity of the BBB. In contrast, studies in adult organisms are scarce ([@B35]; [@B51]).

In our previous study ([@B51]), we reported that inorganic mercury is able to accumulate in the brain parenchyma and that this finding is associated with functional alterations. Consequently, we evaluated the possible changes that chronic exposure to inorganic mercury in low doses causes at the behavioral, tissue and biochemical level to assess the possible damage this multilevel model can reveal.

Materials and Methods {#s1}
=====================

Ethics Statement
----------------

The animal protocols used in this work were evaluated and approved by the Ethics Committee on Experimental Animals of the Federal University of Pará (Protocol BIO139-13). They are in accordance with the NIH Guide for the Care and Use of Laboratory Animals and national law for laboratory experimentation ([@B38]).

Animals and Experimental Groups
-------------------------------

Male Wistar rats (*n* = 40; 90 days old) were obtained from the Federal University of Pará (UFPA) and kept in collective cages (five animals per cage). Animals were maintained in a climate-controlled room on a 12-h reverse light/dark cycle (lights on 7:00 a.m.), with food and water *ad libitum*. Distilled water or mercury chloride (HgCl~2~) (dose of 0.375 mg/kg/day) were administered orally (gavage) over a period of 45 days (i.e., until the 135th day of life), according to a procedure previously described by [@B51]. The animals were weighed weekly for dose adjustment. The experimental design is summarized in **Figure [1](#F1){ref-type="fig"}**.

![Sample description and experimental stages. Description of the sample and model of exposure to HgCl~2~; Beam walking motor test; division of experimental groups and animal destinations for each stage of analysis **(A)**; total mercury measurement assay **(B)**; evaluation and quantification of cytotoxicity and apoptosis **(C)**; oxidative balance assays **(D)**; immunohistochemistry and morphometric analysis **(E)**. All tissue and biochemical assays were performed in triplicate.](fnmol-11-00125-g001){#F1}

Behavioral Assay
----------------

### Beam Walking Test

Motor coordination and balance were assessed using the beam walking test. The apparatus consists of a wooden beam (100 cm) suspended 50 cm from the floor, which allows the animal to access a secure platform (closed box of 20 × 20 cm). Initially, the rats were acclimated in the beams of higher cross-sectional area, and a limit of 120 s was fixed to reach the box. In order to intensify the task difficulty, animals were submitted to two test sessions (cut-off 60 s each) on the square (28, 12, and 5 mm diameter) and round (28, 17, and 11 mm diameter) beams, respectively ([@B10]). The latency to reach the closed box and the number of foot slips were measured in seconds (one or both hind limbs slipped from the beam) ([@B30]).

After the end of behavioral test, the animals were assigned to different analyses. Ten animals from each group were perfused and destined for morphological brain analysis. The other 10 were sacrificed by cervical displacement, their brains immediately removed, the motor cortex dissected and destined for biochemical and neurochemical evaluations.

Mercury Measurements
--------------------

For mercury measurement, each homogenized sample of motor cortex was weighted (0.5 *g* maximum of wet weight) in a sample digestion bottle, and 1 mL of distilled water, 2 mL of nitric acid-perchloric acid with HNO~3~-HClO~4~ (equal proportions, 1 + 1) and 5 mL of sulfuric acid (H~2~SO~4~) were sequentially added, followed by heat treatment on a hot plate (200--230°C) for 30 min. The final volume (50 ml) was completed by distilled water. The extracts transferred to 0 and 1.0 mL of methylmercury-cysteine solution in two sample digestion bottles and (corresponding to 0 and 0.10 μg.Hg) and 1 mL of distilled water was added only to the former (the blank) followed by 2 mL of HNO~3~-HClO~4~ and 5 mL of H~2~SO~4~. In order to obtain blank and standard test solutions for the measurement of total mercury, the same procedure for the sample test solution was followed. Total mercury content in the samples was estimated by wet digestion, reduction and cold vapor atomic absorption spectrometry (Semi-automated Mercury Analyzer, model Hg-201, Sanso Seisakusho Co. Ltd., Tokyo, Japan); the circulation-open airflow system was as previously described by [@B48]. Mercury measurements were calculated by the following formula ([@B1]): total mercury concentration in the sample (μg/g) = 0.10 μg × (test sample -- blank sample)/(standard sample -- blank sample) × dilution factor × 1/sample weight (g) × ratio of wet weight/dry weight.

All analyses were conducted in triplicates of the group tissue samples and the values obtained ranged from a confidence interval of ±10% (*r*: 0.9992).

Oxidative Balance Analysis
--------------------------

### Sample Preparation

The motor cortex samples collected for biochemical analysis were frozen in liquid nitrogen and stored at -80°C. They were then thawed and resuspended in Tris-HCl 20 mM, pH 7.4 at 4°C and sonically disaggregated (∼1 g/mL). To avoid extensive damage to proteins and lipids, we carry out the homogenization in ice-cold buffer for a few seconds each time and treat all the samples in exactly the same way. The lysate was stored at -80°C until processing time. All biochemical assays were performed in triplicate.

### Antioxidant Capacity Against Peroxyl Radicals (ACAP)

Total antioxidant competence against peroxyl radicals was analyzed through ROS determination in samples incubated or not with a peroxyl radical generator. The detailed methodology is described in [@B32] and [@B2]. Peroxyl radicals were produced by thermal (35°C) decomposition of 2, 2′-azobis 2 methylpropionamidine dihydrochloride (ABAP; 4 mM; Aldrich). For ROS determination we employed the fluorogenic compound 2′,7′-dichlorofluorescin diacetate (H2DCF-DA) at a final concentration of 40 mM. H2DCF-DA passively diffuses through cellular membranes and once inside the acetates are cleaved by intracellular esterases. Thereafter, the non-fluorescent compound H2DCF is oxidized by ROS to the fluorescent compound DCF. The readings were performed in a fluorescence microplate reader (Victor 2, Perkin Elmer) every 5 min for 1 h. Background fluorescence was determined before the addition of DCF-DA. Total fluorescence production was calculated by integrating the fluorescence units (FU; *y* axis) along the time of the measurement (*x* axis), after adjusting FU data to a second order polynomial function. The results were calculated as area difference of FU × min in the same sample with and without ABAP addition and standardized to the ROS area without ABAP (background area). Using this methodology, a reduced relative area means higher antioxidant capacity, because low fluorescence levels obtained after the addition of ABAP, indicate high competence in neutralizing peroxyl radicals. For a direct reading of the results, the inverse of relative difference between ROS area with and without ABAP was considered a measure of antioxidant capacity.

### Quantification of Nitrite

An aliquot of crude homogenate was centrifuged at 21,000 *g* for 20 min at 4°C, and the supernatant was used to analyze nitrite levels as described in [@B24]. Briefly, the samples were incubated at room temperature for 20 min with Griess reagent (0.1% naphthyl-ethylene diamine and 1% sulfanilamide in 5% phosphoric acid -- 1: 1). The absorbance was measured at 550 nm in a spectrophotometer and compared to the standard sodium nitrite solutions.

### Lipid Peroxidation Assay

Lipid peroxidation was estimated as the levels of malondialdehyde (MDA) and 4-hydroxyalkenes (4HDA) as detailed earlier by [@B17]. Briefly, an aliquot of crude homogenate was centrifuged at 2500 *g* for 30 min at 4°C, and 200 μL of the supernatant was incubated with 650 μL of *N*-methyl-2-phenylindole 10.3 mM and methanol (1:3). After mixed, 150 μL of methanosulfonic acid was added and incubated at 45°C for 40 min. The absorbance was measured at 570 nm and compared to those of standard solutions of MDA.

### Protein Concentration Assay

The measurement of the amount of proteins in the supernatants (used for the determination of lipid peroxidation, nitrite levels and ACAP) was performed as described by [@B32]. Thus, after correction for the protein concentration, the results of lipid peroxidation, nitrites and ACAP were expressed as percentages of the mean of the control group.

Evaluation and Quantification of Cytotoxicity and Apoptosis
-----------------------------------------------------------

In these evaluations, motor cortex samples were treated with collagenase at concentrations of 2 mg/ml and 4 mg/mL, respectively, for tissue dissociation and subsequently stored at 37°C for 20 min and 40 min. Thereafter, 100 μL of solution containing the isolated cells was added into 96 well microplates with 100 μL of the Cytotox-glo^TM^ Cytotoxicity Assay, which uses a luminogenic peptide substrate to measure dead-cell protease activity or Caspase-Glo^®^ 3/7 Assay Systems, a luminescent assay to measure caspase-3/7 activities (Promega Systems). Readings were performed on the GloMax^®^ (Promega, Netherlands) according to the manufacturer's recommendations. The quantification results were expressed as relative fluorescence units (RFU) for cytotoxicity or relative luminescence units (RLU) for apoptosis, both relative to the control group.

Histological Evaluation
-----------------------

### Perfusion and Histological Procedures

After the motor test, part of the animals (*n* = 10 animals per group) were deeply anesthetized with ketamine hydrochloride (90 mg/kg, i.p.) and xylazine hydrochloride (10 mg/kg, i.p.) and submitted to transcardiac perfusion with an heparinized saline 0.9% solution followed by 4% paraformaldehyde in 0.2 M phosphate buffer. Surgical manipulation was performed only after the removal of the corneal and paw reflexes. The brains were removed from the skull and postfixed for 6 h in Bouin's solution. After this period, the specimens were washed with 50% alcohol, dehydrated in alcohol solutions in progressive concentrations clarified in xylol and embedded in paraffin.

### Immunohistochemistry

Coronal brain sections (5 μm thick) were submitted to immunohistochemical analysis. Immunohistochemistry procedures have been described in our previous investigations ([@B52]; [@B39]). The samples were sectioned and placed on silanized slides. The slides were dewaxed in xylol and hydrated in ethanol at increasing concentrations. Antigenic recovery was performed with citrate buffer pH 6.0, followed by endogenous peroxidase blocking in 3% hydrogen peroxide solution in methanol for 20 min. Sections were then washed in a 0.05% Tween PBS solution for 5 min, three times and incubated with 10% normal horse serum in PBS (anti-NeuN) and goat serum (anti-GFAP) for 1 h. Sections were then incubated overnight with the primary antibodies diluted in PBS, anti-NeuN (1: 500, Milipore, United States) and anti-GFAP (1: 1000, Sigma, United States). Afterward, sections were washed in PBS/Tween solution for 5 min (three times) and incubated with biotinylated horse anti-mouse (anti-NeuN) and goat anti-rabbit (GFAP) secondary antibodies diluted 1:500 in PBS for 2 h. Sections were washed again for five min (three times) and incubated with the avidin-biotin peroxidase complex (ABC kit, Vector Laboratories, United States) for 2 h. Finally, the sections were washed four times with PBS/Tween (5 min each) and developed with Diaminobenzidine (DAB). After the reaction, the sections were washed twice in PB 0.1M, dehydrated and covered with coverslips with Entellan (Merck, Germany).

### Morphometric Analysis

All sections were initially evaluated by light microscopy. Illustrative images of all experimental groups were obtained with a digital camera coupled to a microscope. Coronal sections containing the motor cortex were used to count the number of neurons (NeuN + cells) and astrocytes (GFAP + cells) using a square gradient of 0.0665 mm^2^ coupled to the optical microscope eyepiece (40x). Four fields per section and two sections per animal were counted for the control and experimental groups. The detailed counting methodology is described in previously published studies ([@B40]; [@B52]; [@B20]).

Statistical Analysis
--------------------

All data (*n* = 20 animals per group for behavioral tests and *n* = 10 per group for other analyses) were statistically analyzed for their normality using the Shapiro--Wilk test. Statistical comparison of body weight was performed using one-way analysis of variance (ANOVA) with repeated measures (days) followed by a Tukey's *post hoc* test. For comparative statistics between groups, Student's *t*-test was used. The Pearson correlation test was performed for the oxidative balance data in the group exposed to HgCl~2~. The value of *p* ≤ 0.05 was considered statistically significant. GraphPad Prism 5.0 software (San Diego, CA, United States) was used for statistical analysis.

Results
=======

One-way ANOVA with repeated measures followed by a Tukey's *post hoc* test revealed that chronic exposure to HgCl~2~ did not alter the body weight of the animals during all protocol (*P* \> 0.05 for all values; **Figure [2](#F2){ref-type="fig"}**). No deaths were observed during the exposure period. The experimental group exposed to the inorganic mercury presented a decrease in the latency and an increase in the number of failures during the challenges with the smaller square (5 mm: latency *p* = 0.0351, number of failures *p* = 0.0388) and round beams (17 mm: latency *p* = 0.0328, number of failures *p* = 0.0061; and 11 mm: latency *p* = 0.0418, number of failures *p* = 0.0388) proposed by the beam walking test. The results are shown in **Figure [3](#F3){ref-type="fig"}**. Moreover, the exposure for 45 days to inorganic mercury increased the mercury concentration deposited in the parenchyma of the motor cortex (**Figure [4](#F4){ref-type="fig"}**).

![Effects of chronic exposure to HgCl~2~ on body weight of adult Wistar rats (g). Results are expressed as mean ± standard error after the one-way ANOVA for repeated measures analysis. Standard error and a one-way ANOVA analysis revealed that there were no significant differences (*p* \> 0.05) between groups in any time.](fnmol-11-00125-g002){#F2}

![Effects of chronic exposure to HgCl~2~ on fine motor coordination and balance of adult Wistar rats. The results are expressed as mean ± standard error of **(A)** latency (s) and **(B)** failure numbers. ^∗^*p* \< 0.05 compared to the control group (Student's *t*-test).](fnmol-11-00125-g003){#F3}

![Effects of chronic exposure to HgCl~2~ on the formation of mercury deposits in the brain parenchyma in the motor cortex of adult Wistar rats. Results are expressed as mean ± standard error. ^∗^*p* \< 0.05 compared to the control group (Student's *t*-test).](fnmol-11-00125-g004){#F4}

The tested model of exposure to inorganic mercury decreased the antioxidant capacity in the motor cortex (*p* = 0.0367) (**Figure [5A](#F5){ref-type="fig"}**). Moreover, the chronic exposure to HgCl~2~ increased the levels of pro-oxidant parameters in the motor cortex of rats, as demonstrated by increased levels of malondialdehyde -- a lipid peroxidation indicator -- (*p* = 0.0396) (**Figure [5B](#F5){ref-type="fig"}**) and of nitrite levels -- an indirect marker of nitrite oxide production (*p* = 0.0014) (**Figure [5C](#F5){ref-type="fig"}**). A negative correlation, classified as robust, was observed between MDA levels and ACAP (*r* = -0.91; *p* = 0.0012) (**Figure [6A](#F6){ref-type="fig"}**). A negative correlation was also identified between nitrite levels and ACAP (*r* = -0.73; *p* = 0.01) (**Figure [6B](#F6){ref-type="fig"}**). A positive and strong correlation was observed between MDA levels and nitrite levels (*r* = 0.76; *p* = 0.01) (**Figure [6C](#F6){ref-type="fig"}**).

![Effects of chronic exposure to HgCl~2~ on oxidative balance in the motor cortex of adult Wistar rats. The results are expressed as mean ± standard error of the **(A)** percentages of the fluorescence unit area difference of the generated curves of the same sample with and without ABAP in comparison to the control group; **(B)** percentage of malondialdehyde over control in mg, normalyzed per mg of protein; and **(C)** percentage of nitrite over control in mg, normalyzed per mg of protein. ^∗^*p* \< 0.05 compared to the control group (Student's *t*-test).](fnmol-11-00125-g005){#F5}

![The increase in levels of pro-oxidant measures is associated with a decrease in total antioxidant capacity. The results are expressed by the intersection between the correlated data. **(A)** Negative correlation between ACAP and malondialdehyde levels; **(B)** negative correlation between ACAP and nitrite levels; and **(C)** positive correlation between malondialdehyde and nitrite levels. The analysis was performed by Pearson's correlation.](fnmol-11-00125-g006){#F6}

Chronic exposure to HgCl~2~ induced cytotoxicity (*p* = 0.0294) (**Figure [7A](#F7){ref-type="fig"}**) and apoptosis (*p* = 0.0077) (**Figure [7B](#F7){ref-type="fig"}**) in the motor cortex. These results indicate that inorganic mercury causes cell death in the central nervous system. Moreover, the immunohistochemical identification of mature neurons (NeuN) (**Figure [8](#F8){ref-type="fig"}**) and astrocytes (GFAP) (**Figure [9](#F9){ref-type="fig"}**) indicated that chronic exposure to HgCl~2~ decreased the immunoreactivity of NeuN (*p* = 0.0159) (**Figure [8E](#F8){ref-type="fig"}**) and GFAP + (*p* = 0.0286) (**Figure [9C](#F9){ref-type="fig"}**).

![Effects of chronic exposure to HgCl~2~ on cytotoxicity and induction of apoptosis in the motor cortex of adult Wistar rats. The results are expressed as mean ± standard error of the **(A)** percentages of cytotoxicity at relative fluorescence units (RFU) relative to the control group and **(B)** percentages of apoptosis at relative luminescence units (RLU) in relation to the control group. ^∗^*p* \< 0.05 compared to the control group (Student's *t*-test).](fnmol-11-00125-g007){#F7}

![Effects of chronic exposure to HgCl~2~ on neuronal density in the motor cortex of adult Wistar rats. **(A--D)** represent photomicrographs of the NeuN-labeled motor cortex of the control animals **(A,B)** and the exposed animals **(C,D)**. The results are expressed as mean ± standard error of the number of cells counted per field **(E)**. ^∗^*p* \< 0.05 compared to the control group (Student's *t*-test). Scale bar **(A,C)** 100 μm; **(B,D)** 20 μm.](fnmol-11-00125-g008){#F8}

![Effects of chronic exposure to HgCl~2~ on astrocyte density in the motor cortex of adult Wistar rats. **(A,B)** Represent photomicrographs of the GFAP-labeled motor cortex of control animals **(A)** and exposed animals **(B)**. Results are expressed as mean ± standard error of the number of cells counted per field **(C)**. ^∗^*p* \< 0.05 compared to the control group (Student's *t*-test). Scale bar 20 μm.](fnmol-11-00125-g009){#F9}

Discussion
==========

This study shows, for the first time, that chronic exposure to low doses of inorganic mercury in adult rats leads to mercury deposits in the brain parenchyma associated with oxidative stress and cell death by cytotoxicity and induction of apoptosis, which deteriorates motor function.

Models of chronic exposure to inorganic mercury are relatively uncommon in the literature, although the oral route was already showed to be most important during chronic exposure to inorganic mercury (see Introduction). Unfortunately, scarce information is available about inorganic mercury burden in chronically exposed populations because epidemiological studies usually analyzed the total mercury content and did not analyze the levels of the different mercury species ([@B9]). These reasons probably prompted [@B49] to develop their interesting model linking the average daily water consumption of the rats during mercury treatments to the tolerance of the treated animals to different levels of mercury poisoning (e.g., birth rate, developmental disturbances, mortality). These authors used 0.8 mg HgCl2/kg body weight per day (3.99 mmol/kg per day), which were tolerated both by the pregnant dams, as well as by their pups without obvious sign of toxicity (no movement disorder for adults and average body weight of newborns no less than 85% of controls).

In our work, we used less than a half of that dose, characterizing an exposure to relatively low levels of inorganic mercury. However, this exposure was enough to cause significant mercury deposits in the motor cortex (**Figure [4](#F4){ref-type="fig"}**). Although the low liposolubility of inorganic mercury may prevent it from directly crossing the BBB ([@B7]; [@B45]), it was already demonstrated that the biological barriers do not avoid the deleterious effects of this compound in brain and fetus ([@B49]; [@B27]; [@B11]).

Although mechanistic studies about the pharmacokinetics of inorganic mercury are scarce and additional studies are necessary, one hypothesis to explain how inorganic mercury can reach the CNS is because of the altered integrity of the BBB. Exposure to this compound causes alterations of the transport enzymes (such as Na^+^/K^+^ ATPase) of cortical microvessels and perivascular swelling ([@B50]).

Moreover, inorganic mercury appears to have a particular tendency to accumulate in the cortex rather than in other brain regions such as the hippocampus ([@B51]), significantly altering gross motor coordination in addition to memory ([@B51]). Additional behavioral assays such as the beam walking test are more informative about motor refinement, motor coordination and balance ([@B10]; [@B30]). This motor test allows a detailed evaluation of subtle motor impairments, due to the gradual increase of the challenge imposed on the animal in crossing narrow beams ([@B10]; [@B30]). In our work, higher mercury deposits in the motor cortex were associated with to disability in tasks requiring greater motor refinement, as shown by the poor performance of exposed animals on the smaller diameter beams (square 5 cm and circular of 11 and 17 mm).

Although alterations in balance and fine motor coordination are usually associated to cerebellar damage ([@B30]), the motor cortex plays an important role in fine motor control and fractionation of movement, sensorimotor integration and higher order cognitive--motor movements ([@B4]; [@B18]; [@B46]). Moreover, chronic exposure in animals seems to cause similar accumulations of inorganic mercury in cerebellum and temporal and frontal lobes ([@B43]). Therefore, according to our results (**Figures [3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}**), although other brain areas (including the cerebellum and basal ganglia) could be also participating in the deleterious consequences of the exposure, the motor cortex may plays a major role in the motor deficiencies caused by inorganic mercury.

Our results demonstrated that behavioral alterations were associated with both cellular and molecular damage (**Figures [5](#F5){ref-type="fig"}--[9](#F9){ref-type="fig"}**). In the motor cortex, cellular densities of astrocytes and neurons were decreased after inorganic mercury exposure (**Figures [8](#F8){ref-type="fig"}, [9](#F9){ref-type="fig"}**). Previous toxicological studies already indicate that the decrease in the number of both astrocytes and neurons is usually associated with functional damage observed in behavioral tests ([@B1]; [@B48]; [@B19]; [@B34]). In addition, *in vitro* exposure to inorganic mercury causes cell death in human neurons and astrocytes ([@B31]). The latter study proposed that neurons may be more sensitive than astrocytes to the acute intoxication with inorganic mercury. Interestingly, we demonstrated that chronic exposure to relative low levels of inorganic mercury proportionally decreased cortical astrocytes population more than neuronal density (**Figures [8](#F8){ref-type="fig"}, [9](#F9){ref-type="fig"}**). Although additional studies are necessary, in this case it is possible that a metal accumulation in glial cells takes place, higher than that of cells of neuronal origin, as it was already demonstrated for other species of mercury such as methylmercury ([@B8]). The long-term effect of this higher accumulation in astrocytes would result on a higher mortality index for cells of glial origin. To our knowledge, this the first time that a different response of astrocytic and neuronal populations to inorganic mercury exposure is demonstrated *in vivo.*

This decrease in cortical cellular populations was associated with induction of apoptosis and cytotoxicity (**Figure [7](#F7){ref-type="fig"}**). Interestingly, acute exposure to inorganic mercury did not induce a significant apoptosis, as revealed by caspase-3 activity in cells of both neuronal and glial origin ([@B31]). However, our results demonstrated that a chronic exposure to the metal is able to cause more than twice the apoptosis of non-exposed animals (**Figure [7](#F7){ref-type="fig"}**). Moreover, considering that the luminescence method used in our work is based on caspases-3 and 7 activities, our results already suggest different responses according to the type of exposure (chronic or acute). Additionally, a special sensitivity of the cortical tissue cannot be ruled out since this was an *in vivo* study.

A significant cytotoxicity of the cortex was also detected (**Figure [7](#F7){ref-type="fig"}**). The molecular mechanisms underlying IHg cytotoxicity may include the disruption of lysosomal and cell membrane integrity, the increase of extracellular glutamate levels and the decrease of both mitochondrial activity and intracellular ATP levels, as already demonstrated for the acute *in vitro* exposure to IHg ([@B31]; [@B37]). Mainly, the increase of extracellular glutamate levels (caused by both increased release and decreased uptake) would lead to a pronounced overproduction of free radicals such as nitric oxide. Increased levels of free radicals (especially nitric oxide) are found in both brain and serum of animals exposed to inorganic mercury ([@B25]; [@B37]). Accordingly, our results show increased levels of nitrites (an indirect marker of nitric oxide production) in exposed animals (**Figures [5](#F5){ref-type="fig"}, [6](#F6){ref-type="fig"}**). Moreover, this is the first time that this was demonstrated in cortical tissue, being additionally associated with behavioral alterations and cellular death.

Endogenous antioxidant molecules (mainly glutathione) and enzymes (such as superoxide dismutase, glutathione peroxidase and catalase) are the main defenses of the cell against free radicals. Although previous studies showed glutathione depletion with IHg intoxication, results of antioxidant enzymes are contradictory with both increase and decrease of enzymatic activities after IHg exposure ([@B25]; [@B3]; [@B37]). Therefore, we decided to evaluate the total antioxidant capacity of the cortex as a more reliable marker than each element alone. In our work, we found that, concomitant with increased levels of nitrites, inorganic mercury caused a significant decrease in total antioxidant capacity of the cortex (**Figures [5](#F5){ref-type="fig"}, [6](#F6){ref-type="fig"}**). These two factors, overproduction of free radicals and reduced antioxidant defenses, cause a imbalance that contributes synergistically to damage the macromolecules (DNA, proteins and lipids).

Brain tissue is especially sensitive to the deleterious consequences of this imbalance in the redox status. The brain contains large amounts of polyunsaturated fatty acids present in the membranes that are particularly susceptible to free radical attack and thus, to lipid peroxidation ([@B33]; [@B3]). Considering that lipid peroxidation plays a major role in necrosis and cellular death, the exacerbated lipid peroxidation detected in cortex (**Figures [5](#F5){ref-type="fig"}, [6](#F6){ref-type="fig"}**) could explain the significant death of both neurons and astrocytes caused by IHg (**Figures [8](#F8){ref-type="fig"}, [9](#F9){ref-type="fig"}**).

Conclusion
==========

After reaching the motor cortex, inorganic mercury accumulated in deposits in this region. This accumulation caused the overproduction of nitric oxide (and maybe other ROS) affecting membrane lipids and causing lipid peroxidation. The necrosis and apoptosis processes killed cells, both neurons and glia. Finally, the decrease in the number of cells was probably the main factor responsible for fine motor control changes -- the main findings of this paper are summarized in **Figure [10](#F10){ref-type="fig"}**.

![Description of the main results found in this article. Deposits of inorganic mercury caused oxidative stress. The necrosis and apoptosis processes kill cells, both neurons and glia. The cell death is the main factor responsible for fine motor control changes.](fnmol-11-00125-g010){#F10}

One of the main contributions of the present work was to show for the first time the consequences of chronic IHg exposure at three different levels simultaneously: clinical (behavioral effects), cellular (cellular death and apoptosis) and molecular (oxidative stress markers). Additionally, a pharmacokinetic marker (mercury content) was evaluated to confirm the exposure. Therefore, we demonstrated that chronic exposure to relatively low levels of inorganic mercury during adulthood causes fine motor disorders associated to cellular death, apoptosis and imbalance of redox status in the cortex. These data rule out the idea that inorganic mercury is innocuous and make clear that it can be quite toxic to particular brain areas even in adults. Complete studies including different levels of analysis are necessary for a better understanding and prevention of IHg intoxication.
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